A maximum likelihood approach was used to estimate the synonymous and nonsynonymous substitution rates in 48 nuclear genes from primates, artiodactyls, and rodents. A codon-substitution model was assumed, which accounts for the genetic code structure, transition/transversion bias, and base frequency biases at codon positions. Likelihood ratio tests were applied to test the constancy of nonsynonymous to synonymous rate ratios among branches (evolutionary lineages). It is found that at 22 of the 48 nuclear loci examined, the nonsynonymous/synonymous rate ratio varies significantly across branches of the tree. The result provides strong evidence against a strictly neutral model of molecular evolution. Our likelihood estimates of synonymous and nonsynonymous rates differ considerably from previous results obtained from approximate pairwise sequence comparisons. The differences between the methods are explored by detailed analyses of data from several genes. Transition/transversion rate bias and codon frequency biases are found to have significant effects on the estimation of synonymous and nonsynonymous rates, and approximate methods do not adequately account for those factors. The likelihood approach is preferable, even for pairwise sequence comparison, because more- 
Introduction
Estimation of synonymous and nonsynonymous substitution rates is important in understanding the dynamics of molecular sequence evolution (Kimura 1983; Gillespie 1991; Ina 1996) . As mutation and selection have different effects on synonymous and nonsynonymous substitutions, comparison of synonymous and nonsynonymous rates in genes from different evolutionary lineages at different loci provides a powerful tool for understanding the mechanisms and driving forces of molecular evolution. For example, the neutral theory (Kimura 1983) claims that both divergence between species and diversity within species are caused by random genetic drift of neutral mutations (Kimura 1968) and the substitution rate is equal to the neutral mutation rate. The effect of purifying selection is to reduce the proportion of neutral mutations. One prediction of the theory is that the nonsynonymous/synonymous substitution rate ratio should be constant among different evolutionary lineages. Lineage effects of mutation rates should have the same effect on synonymous and nonsynonymous rates and not change the rate ratio. Variation of the nonsynonymous/synonymous rate ratios among lineages is thus considered evidence against neutrality (McDonald and Kreitman 1991; Gillespie 1991; Easteal and Collet 1994; Eyre-Walker and Gaut 1997) . Gillespie (1987 Gillespie ( , 1989 Gillespie ( , 1991 and Ohta (1995) estimated the index of dispersion for synonymous and nonsynonymous substitutions in nuclear genes of mammals to test the neutral theory. The index of dispersion is the variance of the number of substitutions among lineages divided by the mean. Under neutrality, the substitution process should be approximately Poisson and the index of dispersion should equal one. However, Gillespie's (1987 Gillespie's ( , 1989 ) and Ohta's (1995) estimates of the index are much greater than one. To explain the discrepancy, Gillespie (1991) suggested that nonsynonymous substitutions were driven by positive selection, resulting in episodic evolution with bursts of substitutions, while Ohta (1995) invoked the fixation of slightly deleterious mutations. However, the methods used by those authors are crude, and it has been suggested that their high estimates of the dispersion index may be artifacts of the analytical methods used (Goldman 1994; Nielsen 1997 ). It is not clear for how many of the examined genes the neutral model of evolution can be rejected in favor of positive selection or selection on slightly deleterious mutations.
Although its importance is well recognized, estimation of synonymous and nonsynonymous substitution rates is not simple. Important concepts were developed in the 1980s for estimating the rates from a comparison of two sequences (Miyata and Yasunaga 1980; Li et al. 1985) , and the early methods have been improved or simplified by many authors (Nei and Gojobori 1986; Li 1993; Pamilo and Bianchi 1993; Cameron 1995) . Those methods follow the same strategy. The numbers of synonymous (S) and nonsynonymous (N) sites in the sequence and the numbers of synonymous (Sa) and nonsynonymous (Nd) differences between the two sequences are counted. Corrections for multiple substitutions are then applied to calculate the numbers of synonymous (ds) and nonsynonymous (dN) substitutions per site between the two sequences (see Table 1 for definitions of symbols). These methods assume equal base and codon frequencies and do not account properly for the transition/transversion rate bias in counting the numbers of sites (S and N) and differences (Sd and Nd). The method recently proposed by is a significant improvement and accounts for the transition/transversion bias. A drawback of the approximate methods is that they cannot be used for simultaneous comparison of multiple sequences.
The codon-based likelihood model suggested by Goldman and Yang (1994) provides a useful framework for estimating synonymous and nonsynonymous substitution rates. Under a model of codon substitution, it is (Goldman and Yang 1994) . Knowledge of the substitution process such as transition/transversion rate bias, codon frequency biases, and even amino acid differences can be easily incorporated into the model. Furthermore, the likelihood approach is applicable to joint comparison of multiple sequences (Goldman and Yang 1994) .
The aim of this study is to reanalyze Ohta's (1995) data by a likelihood approach to examine the claim of Gillespie and Ohta that amino acid replacements in the analyzed genes are not neutral. Ohta (1995 ) used Ina's (1995 method for pairwise sequence comparison to estimate the numbers of synonymous and nonsynonymous substitutions among the primate, artiodactyl, and rodent lineages in 49 nuclear genes. We reanalyze Ohta's data using a likelihood model that accounts for different dN/d s ratios among different lineages and another model that constrains the dN/ds ratio to be constant. The two models are compared by a likelihood ratio test to examine the null hypothesis that the dN/d s ratio is constant among lineages. The analysis is performed independently for each locus and may help to determine for how many and which of the examined genes neutrality can be rejected. Our estimates of the synonymous and nonsynonymous rates turn out to differ considerably from those of Ohta (1995) . We therefore compare different methods for rate estimation to understand the observed differences.
Data and Methods
Sequence Data. The aligned sequences of 49 nuclear genes from primates, artiodactyls, and rodents analyzed by Ohta (1995) were used. The opsin gene alignment has many gaps, indicating that the alignment may not be reliable, and this gene is excluded. Data used in this study include 48 genes from the three orders of mammals, with a total of 18,630 x 3 = 55,890 nucleotide sites. The number of codons in each gene used is shown in Table 2 . Minor differences in sequence length from Ohta (1995 : Table 3 ) are due to our removal of the initiation codons (ATG) and minor adjustments to Ohta's alignments.
Model of Codon Substitution. We use a simplified version of the codon substitution model developed by Goldman and Yang (1994) . Stop codons are not allowed in the sequence, and substitutions between sense codons are described by a continuous-time Markov process. The instantaneous substitution rate from codon i to j (i v ~ j) is given by I 0 if the two codons differ at more than one position for synonymous transversion for synonymous transition for nonsynonymous transversion for nonsynonymous transition (1) where parameter K is the transition/transversion rate ratio, ~o is the nonsynonymous/synonymous rate ratio, and "~j is the equilibrium frequency of codon j. The diagonals of the matrix are determined by the mathematical requirement that row sums of Q = {Q~j} are zero. The scale factor ~ is chosen such that
This scaling means that time and branch length (denoted t) are measured by the expected number of (nucleotide) substitutions per codon. Goldman and Yang (1994) used the matrix of amino acid distances of Grantham (1974) to modify nonsynonymous substitution rates, based on the expectation that amino acids with similar physicochemical properties tend to replace each other more often than those with different properties (e.g., Miyata and Yasunaga 1980; Li et al. 1985) . However, the formula used was found to fit real data poorly (Goldman and Yang 1994) , and in this study, we make no distinction among different amino acid changes. The model is equivalent to that of Goldman and Yang using a single distance between any pair of amino acids. The model of Muse and Gaut (1994) differs from the present model in that those authors did not account for the transition/transversion rate bias.
Calculation of the likelihood function under the codon-substitution model was described by Goldman and Yang (1994) and Muse and Gaut (1994) . The transition probability matrix, P(t) = e Qt, is calculated through diagonalization of the rate matrix Q, with a standard numerical algorithm used to calculate the eigenvalues and eigenvectors of Q. Numerical optimization algorithms are used to obtain maximum likelihood estimates of parameters.
Test for Constant Nonsynonymous/Synonymous Rate Ratios (d N/ds)
Among Lineages. The codon substitution model (Eq. 1) can be used to construct various tests concerning the evolutionary process of proteincoding DNA sequences. In this study, we fit a model assuming different nonsynonymous/synonymous rate ratios (du/d s = ~o; see below) among branches in the phylogenetic tree and another model that constrains the ratio to be identical. These two models are depicted in Fig.  1 , using the example of the data analyzed in this study. Comparison of the two models constitutes a likelihood ratio test of the constancy of the dN/d s ratio among evolutionary lineages.
Estimation of Synonymous and Nonsynonymous Substition Rates.
After maximum likelihood estimates of model parameters (such as t, K, and ~o) are obtained, the numbers of synonymous and nonsynonymous substitutions per site (d s and dN) can be estimated as follows (Goldman and Yang 1994) . Since the Q matrix is scaled such that the average number of nucleotide substitutions per codon is one, and O*N : 1 --P*S are the proportions of synonymous and nonsynonymous substitutions, respectively. The summation in Eq. 3 is taken over all codon pairs i and j (i r j) that code for the same amino acid, and aai is the amino acid encoded by codon i. The numbers of synonymous and nonsynonymous substitutions per codon are then tp* s and tp* N, respectively. The proportions of synonymous and nonsynonymous sites are defined as the proportions of synonymous and nonsynonymous potential mutations before natural selection at the amino acid level has operated (Goldman and Yang 1994; . Denote them as pl s and pl N (equivalent to P~s and P=U in Goldman and Yang 1994) . They can be calculated similarly to Eq. 3 but with to set at 1 so that synonymous and nonsynonymous substitutions occur at the same rate. As each codon has three sites (but see Discussions), the numbers of synonymous and nonsynonymous sites per codon are 3pls and 3"~N, respectively. The numbers of synonymous and nonsynonymous substitutions per site are then d s = tp*s/3pls and d u = tp*J3plN, respectively. Note that under the model of Eq. 1, du/d s = to.
Approximate Methods for Estimating Synonymous and Nonsynonymous Rates. Approximate methods for estimating the numbers of synonymous and nonsynonymous substitutions between a pair of sequences were reviewed by Ina (1996) . We used the methods of Nei and Gojobori (1986) and to perform pairwise comparisons of sequences from several genes and compare the results with those of the likelihood analysis assuming different models. In fact, two methods were proposed by . Method 1 estimates the transition/ transversion rate ratio (K) from data at the third codon positions, while method 2 uses a more-sophisticated iterative scheme to estimate K. Ohta (1995) used Ina's method 1 and called it Ina's method, a practice we have followed in this paper. Ina's program (newl, available from ftp.nig.ac.jp) is used in the calculation. The PAML package (Yang 1997 ) is used for Nei and Gojobori's method.
Results

Test for Constancy of Nonsynonymous/Synonymous Rate Ratios (dy/d s) Among Lineages
Maximum likelihood estimation was carried out for each gene, under model A (Fig. 1) , assuming the same dN/d s ratio (to) for all branches in the tree, and under model B (Fig. 1 ), assuming different ratios for different branches.
Under both models, the codon frequencies (vi) were calculated using the nucleotide frequencies at the three codon positions; 3 x (4 -1) = 9 parameters are thus used for the codon frequencies. The results are presented in Table 2 . Estimates of K under the two models are almost identical for each gene and range from 2 to 5 among genes with a mean 2.9. Estimates of co ( = dN/ds) shown in Table 2 a Lc: number of codons in the gene; K: transition/transversion rate ratio, estimated under model A (Fig. 1) ; to; nonsynonymous/synonymous rate ratio, estimated under model A (Fig. 1) ; d s and dN: numbers of synonymous and nonsynonymous substitutions per site, respectively, calculated for the primate (P), artiodactyl (A), and rodent (R) branches of Fig. 1 ; Ae: log-likelihood difference between models A and B (Fig. 1) b Significant at 5% level, X 2 = 3.00 Significant at 1% level, X 2 = 4.61 Fig. 1 . The unrooted phylogenetic tree of primates, artiodactyls, and rodents showing two evolutionary models. The ts are branch lengths, while to ( = du/ds) is the nonsynonymous/synonymous rate ratio. In A, the du/d s ratio is constrained to be constant among branches (lineages) in the tree. In B, the ratios are allowed to vary among branches, and a different to parameter is used for each branch.
Estimated numbers of synonymous (ds) and nonsynonymous (d~v) substitutions per site for the three branches in the tree of Fig. 1 are obtained under model B (Table  2 ). In growth hormone receptor and interleukins 6 and 7, the estimated dN/d s ratios for the primate lineage are greater than one and are 1.11, 1.91, and 1.46, respectively. These genes may be under positive Darwinian selection (Ohta 1995) . The averages of estimates of d s among genes are 0.190, 0.291, 0.525 for the primate, artiodactyl, and rodent branches, respectively (Table 2) ; these values are in the proportion 0.57:0.87:1.57, not very different from the weighting factors calculated by Ohta (1995: Table 2) , that is, 0.61:0.82:1.58. The averages of estimates of d N among genes are 0.039, 0.051, and 0.066 for the primate, artiodactyl, and rodent branches, respectively (Table 2) ; these are in the proportion 0.75:0.98:1.27, almost identical to the weighting factors calculated by Ohta, that is, 0.75:0.97:1.28. The synonymous rates are more variable among lineages than the nonsynonymous rates, which conforms with the previous observation that the lineage effect is more pronounced for synonymous substitutions than for nonsynonymous substitutions (Gillespie 1991; Ohta 1993 Ohta , 1995 . The ratios of the average synonymous and nonsynonymous rates (dN/ds) are 0.21, 0.17, and 0.13 for the primate, artiodactyl, and rodent lineages, respectively, while the average of the ratios (~) are 0.28, 0.22, and 0.13, respectively. These estimates are in general agreement with the observation of Ohta (1993) that the primate lineage has, on average, reduced synonymous and nonsynonymous rates and appears to be under less severe purifying selection, possibly due to reduced population sizes. Nevertheless, the average patterns over genes are not very illuminating as substantial variation exists among genes ( Table 2) .
The difference of log-likelihood values under models A and B (Fig. 1), 2if , is calculated for each gene and listed in Table 2 , and the distribution of A/~ among the 48 genes is shown in Fig. 2 among lineages, that is, if model A is correct, 2Af should follow a X 2 distribution with d.f = 2. By this likelihood ratio test, the dN/d s ratio is significantly variable among lineages in 12 genes (P < 5%) and is highly significantly variable in ten other genes (P < 1%). In sum, about half of the genes show significantly different dN/d s ratios among lineages, and the results provide strong evidence for rejecting the strictly neutral model. The same analysis was performed using the 61 codon frequencies as free parameters. This model gives significantly better fit to data of every gene than using nucleotide frequencies at the codon positions, judged by a X 2 critical value with d.f = 60 -9 = 51. However, the likelihood difference between models A and B (Fig. 1 ) changed very little with this change of assumptions about codon frequencies, and the likelihood ratio test of constancy of dN/d s among lineages was found to be quite robust to this aspect of the model assumptions. We presented results obtained from the simpler model because the estimates are similar and because some genes are short and may not provide enough information to estimate many parameters.
Although our general conclusions agree with those of Ohta (1995) , considerable differences exist between our likelihood estimates of the synonymous substitution rates (Table 2 ) and the corresponding estimates of Ohta (1995: The two analyses differ in many ways. One difference is that in the likelihood analysis, gene sequences from all three species are compared simultaneously, while method calculates the numbers of synonymous and nonsynonymous substitutions per site (d s and dN) for each pairwise comparison, which are then used to estimate rates for branches. Let the pairwise distances be dpA, dpn, dAn, where d can be either d s or dlv. Ohta calculated the numbers of substitutions for the three branches in the tree (Fig. 1) as dp= (deA + dpR -dAR)/2 d A = (dpA + dAR --dpR)/2 d R = (dpR + dAR --dpA)/2 (4) While this calculation may introduce some bias into the estimates when the dN/d s ratios vary among lineages, it does not seem to be the major reason for the differences between our likelihood estimates and Ohta's results. The differences between the methods are explored in the next section.
Estimation of Synonymous and Nonsynonymous Substitution Rates
In order to understand the differences in estimates of d s and d N between our likelihood analysis and method, which Ohta (1995) used, we analyze several genes (acetylcholine receptor c~, lactate dehydrogenase A, and thrombomodulin) in more detail. The method of Nei and Gojobori (1986) (NG) is also used for comparison. The NG method and Ina's method were designed for estimating d s and d N between two sequences. Therefore, we also apply the likelihood method to the three pairwise comparisons for each gene, varying assumptions about the transition/transversion rate ratio (K) and the codon frequencies. The patterns obtained for different genes are similar, and results for two genes only (acetylcholine receptor a and thrombomodulin) are presented (Tables 3  and 4) . Sequence divergence between the acetylcholine receptor c~ genes is lower than average, but the thrombomodulin genes are very divergent among species and also have high dN/d s ratios (Table 2) .
Several different models were assumed in the likelihood analysis concerning the codon frequency parameters (~r/ in Eq. 1). The most parameter-rich version (F61) uses each codon frequency as a parameter, with the Table 3 only constraint that the sum is one; with the standard genetic code, 61 -1 = 60 free parameters are needed. A less parameter-rich version uses different base frequencies at the three codon positions (F3 x 4) to calculate the expected codon frequencies, and needs 3 x (3 -1) = 9 free parameters. If the differences in base frequency distribution at the three codon positions are ignored, the four nucleotide frequencies (F1 x 4) can be used to calculate the expected codon frequencies, with only three free parameters needed. In all these models, the frequency parameters are estimated using the observed codon or base frequencies. The simplest case is to assume equal frequency for each codon (Fequal). The Fequal, F1 x 4, F3 x 4, and F61 models are nested and can be compared using likelihood ratio tests. The results (not shown) of such tests suggest that for each gene, the simpler models are rejected in favor of their more complex alternatives. Codon frequencies are unequal and cannot be predicted from nucleotide frequencies. The different models are used to examine their effects on estimation of d s and d N. In the following, the likelihood analyses under different model assumptions are regarded as different methods. We first examine the performance of the NG method, which is an approximate implementation of the Fequal model without transition/transversion rate bias. The results obtained using the NG method are indeed very similar to the likelihood results under that model (Fequal, K = 1) (Tables 3 and 4) . The differences in estimates of S and N between the two methods are due to the fact that the expected codon frequencies (Trj = 1/61 for all j) are used in the likelihood calculation, while the NG method counts the number of sites (S and N) codon by codon and effectively uses the observed codon frequencies. If the same codon frequencies are used in both methods, the two methods produce identical estimates of S and N. For all three genes examined, the estimates of S by the likelihood analysis are approximately 7-8% greater than the estimates by the NG method (Tables 3 and 4 ). The proportion of synonymous sites in the gene is not as high as expected under the assumption of equal codon frequencies. Apparently, amino acids coded by four codons do not occur twice as often as amino acids coded by two codons (results not shown).
Compared with the likelihood estimates, the NG method tends to underestimate the number of synonymous substitutions for the entire sequence (Sds) and overestimate the number of nonsynonymous substitutions (NdN). For example, for the primate-rodent comparison of the acetylcholine receptor o~ gene, the estimates of Sd s and Nd N are 168.0 and 31.5, respectively, by the NG method and 173.2 and 29.6 by likelihood (Table 3) , with 3-6% differences between methods. The major reason for this difference appears to be the equal weighting of substitution pathways used in the NG method to count the numbers of differences between codons differing at two or three positions. When dN/d s < 1, pathways involving synonymous changes are more likely than those involving nonsynonymous changes, and equal weighting tends to underestimate S a and overesti-mate N a, as pointed out by Miyata and Yasunaga (1980) and Li et al. (1985) . Appropriate weighting of pathways requires knowledge of the dN/d s ratio, which is being estimated. In the above comparison, 14 out of 456 codons are different at two positions in the two genes. This problem becomes more serious when more divergent genes are compared. For example, in the comparison of the primate and rodent thrombomodulin genes, 54 out of 341 codons are different at two positions, and 12 codons are different at all three positions in the two species. Estimates of Sd s and Nd N between the two sequences are 233.7 and 165.3, respectively, by the NG method and 259.8 and 151.7 by likelihood. The two methods differ by about 10%. When dJd s > 1, use of equal weighting is expected to overestimate S a and underestimate Na. method is an improvement over the NG method and accounts for the transition/transversion bias. It is well known that ignoring the transition/transversion bias causes underestimation of the number of synonymous sites (S), overestimation of the synonymous rate (ds), and underestimation of the dJd s ratio (Li 1993; Pamilo and Bianchi 1993) . This pattern is apparent when estimates from the two methods are compared (Tables 3  and 4) . Results obtained using Ina' s method are also very similar to those obtained from the likelihood method assuming equal codon frequencies, with the transition/ transversion rate bias estimated (Fequal). Estimates of dN/d s by the two methods are the largest among all estimates (Tables 3 and 4) . Like the NG method, Ina's method counts the numbers of differences between codons using equal weights for synonymous and nonsynonymous substitutions and tends to overestimate the numbers of nonsynonymous differences and substitutions (N a and NdN). For example, in the primate-rodent comparison of the thrombomodulin genes, the estimates of the total numbers of synonymous and nonsynonymous substitutions (Sd s and NdN) are 221.2 and 168.1, respectively, by Ina's method, while the likelihood estimates are 248.2 and 153.8 (Table 4 ). The two methods are about 10% different.
Ina's method also uses the observed codon frequencies to count the number of sites (S and N), and may be expected to give smaller estimates of S than the corresponding likelihood model (Fequal, with K estimated) . This is not the case, however. The reason is that a biased estimate of K is used in Ina's method. used the third codon positions to estimate the "mutational" transition/transversion rate ratio (K in Eq. 1), applying the correction of Kimura (1980) . The assumption is that mutations at the third position are synonymous. However, as noted by Ina, transitions at the third position are more likely to be synonymous than transversions, and purifying selection will have elevated the transition/transversion rate ratio at the third codon position. For example, for the primate-rodent comparison of the acetyl- choline receptor a gene, the likelihood estimate of K is 2.8, while the estimate obtained by Ina's method is 6.1 (Table 3 ). The proportion of synonymous sites, S/(S + N), is very sensitive to the assumed value of K, especially when K is small (Fig. 3) , and use of a large K leads to overestimation of S, underestimation of d s, and overestimation of the dN/d s ratio. The effect of the overestimated K is considerable in Ina's method but is counteracted by the use of the observed codon frequencies, so the differences shown in Tables 3 and 4 between Ina's method and the likelihood analysis are not so great. Ina's method has thus overcorrected the NG method by using a biased estimate of the transition/transversion rate ratio. This result seems to explain the perplexing results in : Table 15 ) simulations--that Ina's method performed well with a high transition/transversion mutation bias, that is, under the influenza virus and mitochondrial mutation schemes where K was 3.9 or 5.6 but overestimated by Ina's method as 6.4 or 7.8, and performed more poorly with a low transition/transversion bias, that is, under the nuclear pseudogene mutation scheme where K was 1.2 but overestimated as 2.0. The reason appears to be that the S/(S + N) ratio is much more sensitive to K when K is small than when K is large (Fig. 3) . Another complexity of the approximate methods concerns counting synonymous and nonsynonymous sites in codons that can mutate into stop codons in one step. We suggest that the correct approach is to disallow mutations to stop codons and lose some sites (mutational potentials) so that S + N < 3L C. For example, by a one-step mutation at the third position, codon TGT (cytosine) can change into TGC (cytosine), TGA (stop), or TGG (tryptophan). Without transition/transversion bias (the under-lying model of the NG method), the third position of the codon should be counted as one-third synonymous sites and one-third nonsynonymous sites, with one-third sites lost. Disallowing mutations to stop codons in this way leads to approximately 4.2% loss of sites under the standard genetic code without transition/transversion bias. Nei and Gojobori (1986) and suggest that the NG method is more or less a reliable approximation to the likelihood method assuming equal codon frequencies and ignoring transition/transversion rate bias. method is a good approximation to the likelihood method assuming equal codon frequencies and accounting for the transition/transversion rate bias. The same comparisons, however, also highlight some problems of the approximate methods, regarding both the counting of sites (S and N) and the counting of differences (Sa and Nj). The NG method ignores the transition/transversion rate bias and underestimates S, while Ina's method uses an overestimated transition/transversion rate ratio and overestimates S, and has thus overcorrected the NG method. discussed this problem in great detail and indeed suggested an iterative algorithm to estimate the transition/transversion rate ratio (method 2). Unfortunately, method 2 did not perform consistently better than method 1 in Ina's extensive simulations. In counting the numbers of differences (Sa and Na), both methods apply equal weights to pathways involving synonymous and nonsynonymous changes and tend to overestimate the number of nonsynonymous differences when dN/d s < 1. This problem exists when the level of sequence divergence is not very low and some codons differ in the two sequences at more than one codon position.
Furthermore, estimates of d s and d N obtained from the likelihood analysis under different model assumptions may vary considerably (Tables 3 and 4 ). This unfortunate result suggests that the estimation of d s and d N by both the likelihood methods and the approximate methods is sensitive to assumptions about the transition/transversion rate bias and codon frequency bias. We note that, based on his simulation results, Ina (1995) also cautioned on the use of the approximate methods in the presence of extreme base or codon frequency biases. The codon frequency bias usually has different effects from the transition/transversion rate bias, which leads to the ironic result that the NG method gives estimates that are closer to the likelihood results under more-realistic models (such as F3 x 4 and F61) than does Ina's method (Tables  3 and 4) . While this is the case for all the pairwise comparisons of the three genes examined, the general pattern concerning the reliability of the two methods remains uncertain. In the absence of approximate methods that can properly take into account factors such as the transition/transversion rate bias and codon frequency bias, it is advisable to use the likelihood method, even for pairwise sequence comparison, as more realistic assumptions can be easily implemented in the likelihood analysis. It may also be argued that the likelihood approach to estimating d s and d N is conceptually simpler than the approximate methods, as it does not involve the ad hoc treatments of the approximate methods in counting the numbers of differences. Correction for multiple hits is also taken care of automatically by the maximum likelihood methodology, and d s and d N are calculated directly from their definitions. A disadvantage of the likelihood method is its computational requirement, which is about 30 s for a pairwise comparison on a PowerMac 8500/ 120, while calculation by the approximate methods is completed almost instantaneously.
The dN/d s ratio is found to vary significantly among lineages in 22 of the 48 gene loci examined. This result provides strong evidence against a strictly neutral model of molecular evolution, i.e., a model involving strictly neutral and deleterious mutations only. Analyses similar to Ohta (1995) using the dispersion index could be performed with the estimated synonymous and nonsynonymous rates of Table 2 . This is not pursued here as there are only three lineages in the data, and calculation of the variance of the numbers of substitutions among lineages and the dispersion index may not be very reliable. Nevertheless, we note that our results confirm the claim of Ohta (1995) and Gillespie (1991) that a strictly neutral model is not an adequate description of the evolutionary processes of the genes examined. Despite inaccuracies of the analytical procedures used by Gillespie and Ohta, their major conclusions regarding the mechanisms of molecular evolution appear to be justified.
